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is, graphene, transition metal dichalco-
genides (TMDs),[2,3] topological insula-
tors,[4] h-BN[5] and h-AlN,[6] as well the 
recent phosphorene,[7] silicene,[8] and ger-
manene[9] provide the ability to control the 
channel thickness at atomic level. This 
characteristic translates into improved 
gate control over the channel barrier and 
into reduced short-channel effects, thus 
paving the way toward ultimate min-
iaturization and new device concepts. 
Recently, 2D transition metal dichalcoge-
nides, have proven to be promising can-
didates for electronics and optoelectronic 
applications.[10–16] From a pioneering per-
spective, the availability of TMDs with dif-
ferent work functions and band structures 
guarantees a great potential for band gap 
engineering of heterostructures. These 
systems are fundamentally different and 
more flexible than traditional heterostruc-
tures composed of conventional semicon-
ductors. In particular, due to the weak interlayer interaction, a 
TMD molecular layer grows from the beginning with its own 
lattice constant forming an interface with reduced amount of 
defects. The relaxed lattice matching condition permits to com-
bine almost any layered material and create artificial hetero-
junctions with designed band alignment. 2D heterostructures 
Large area MoS2 films with tunable physical-chemical properties are grown 
on dielectric substrates by annealing of ultrathin Mo layers in the pres-
ence of a sulfur-containing gaseous precursor. Different growth conditions 
are found to have a significant impact on material properties, including 
chemical composition, roughness, and grain sizes, thus shedding light on 
critical parameters that govern sulfurization processes for the synthesis of 
large area 2D transition metal dichalcogenides. Optimized growth condi-
tions in combination with the use of single crystal sapphire substrates with 
atomically flat interface result in the formation of oriented MoS2 films with 
improved quality and electrical performance. On the basis of this versatile 
synthesis technique, an original double-step process is presented for the syn-
thesis of WS2/MoS2 vertical heterostructures. Good uniformity of layers over 
large area has enabled first isolation of defects by electron spin resonance 
spectroscopy with densities correlated with mobility degradation and the 
first experimental characterization of the band alignment at the interfaces of 
MoS2, WS2, and their vertical stacks with the underlying SiO2 insulator.
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1. Introduction
Meeting the technology requirements for the next-generation 
semiconductor devices represents a formidable challenge 
which will require new device architectures and/or addi-
tional materials.[1] In this context, 2D materials (2DMs), that 
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have revealed some novel properties and phenomena that could 
create a new paradigm in architecture design of heterostruc-
tures for future nanoelectronic devices with large-scale integra-
tion. However, synthesis of TMD films and fabrication of 2D 
heterostructures with clean and sharp interfaces remain chal-
lenging and require the development of highly controllable 
growth processes. TMD monolayer and few-layer film growth 
processes are still in their infancy, and many groups around the 
world are investigating ways to produce them. Large area MoS2
monolayers can be grown using various techniques including 
chemical vapor deposition (CVD),[17–21] plasma enhanced 
CVD,[20] atomic layer deposition (ALD),[22] and molecular beam 
epitaxy (MBE) processes.[23] An interesting low cost approach 
that is capable of providing large-area sheets of TMDs with con-
trollable thicknesses is sulfurization of ultrathin metal or metal 
oxide films.[17,24–30] In general, growth of high-quality TMDs 
requires careful control of the structural and chemical proper-
ties at atomic level including stoichiometry, doping, thickness, 
crystallographic orientation, grain size, and surface roughness 
all of which are critical to transport properties. These para-
meters are controlled by specific thermodynamic parameters 
such as growth temperature and chalcogen vapor pressure.
In this contribution, we report a scalable sulfurization pro-
cess for the synthesis of high purity MoS2 films with control-
lable chemical/structural properties on SiO2/p-Si and sapphire 
substrates. Spectroscopic, optical, and electrical characteriza-
tions reveal that the MoS2 films are uniform in thickness, poly-
crystalline in nature and exhibit semiconductor behavior. Based 
on the versatility of the proposed approach, we have developed 
an original double-step sulfurization process for the fabrication 
of vertical stacked WS2/MoS2 heterostructures with clean and 
sharp interfaces. The band alignment at the interfaces of MoS2, 
WS2, and their vertical stacks with the underlying SiO2 insu-
lator is experimentally characterized by internal photoemission 
(IPE) spectroscopy.
2. Materials and Methods
2.1. MoS2 (WS2) Films Preparation
Highly doped Si wafers are thermally oxidized to create a thick 
SiO2 layer. The substrates are then cleaned with hot acetone 
followed by isopropyl alcohol. The synthesis process of large 
area MoS2 (WS2) thin films is illustrated in Figure 1a. First, 
Mo (W) films with thicknesses ranging from 0.2 to 0.5 nm are 
thermally evaporated on SiO2/Si or c-plane sapphire substrates 
under high vacuum conditions (10−6 mbar) at a deposition 
rate of 0.01 nm s−1. Then the samples are extracted from the 
deposition chamber and loaded into a lamp-based annealing 
system. The reactor is pumped to a base pressure of 10−2 mbar 
before starting the annealing process in a pure H2S atmos-
phere. Here, the H2S precursor gas reacts with the Mo (W) 
surface. A sufficiently long annealing time (30 min) in H2S gas 
flow at 800 °C results in the entire conversion of Mo (W) into 
MoS2 (WS2) films with uniform thickness and variable struc-
tural properties, depending on growth conditions. The MoS2
(WS2) thickness is proportional to the initial metallic molyb-
denum thickness.
2.2. Characterizations
The structural properties of MoS2 films are investigated by 
transmission electron microscopy (TEM) and atomic force 
microscopy (AFM). AFM images are taken in tapping mode 
in ambient conditions or in noncontact mode in ultrahigh 
vacuum.
Raman and photoluminescence (PL) spectra are collected 
in a confocal Raman microscopic system (exciting laser wave-
length 532 nm with a power of ≈2 mW on the sample surface). 
The laser radiation is focused onto the MoS2 sheets using a 
100× objective lens with a spot-size around 1 μm. The Si peak 
at 521 cm−1 is used as reference for wavenumber calibration. 
Raman and photoluminescence spectra are resolved by a spec-
trometer using gratings of 1800 and 600 mm−1, respectively, 
and acquired by a EMCCD detector. Both Raman and PL meas-
urements are performed at room temperature.
Chemical configurations were determined by X-ray photo-
electron spectroscopy. The energy calibrations are made 
against the C1s peak to compensate for charging effects during 
analysis.
The field-effect transistor devices are fabricated by evapo-
rating Mo/Au electrodes (50/5 nm thick) directly on top of reg-
ularly patterned MoS2 sheets. The electrical measurements are 
performed in ambient conditions.
The nature and density of occurring paramagnetic structural 
point defects are assessed by low-temperature (≈4.3 K) elec-
tron spin resonance (ESR) experiments operated at 20.4 GHz 
(K-band).
Internal photoemission (IPE) experiments are conducted at 
room temperature using p-Si/SiO2/MoS2 and p-Si/SiO2/WS2
capacitors. Electrical contact is achieved by evaporation of opti-
cally nontransparent (100 nm thick) Au or Al pads (0.01 mm2
area) on top of the MoS2/WS2 film. Then, the steady-state value 
of the optically generated current is measured between the Si 
substrate and the top electrode while applying a negative bias to 
the metal contact pad enabling photoinjection of electrons from 
the optically transparent MoS2 or WS2 layers.
3. Results and Discussions
3.1. Large Area MoS2 Films by Sulfurization
Figure 1b shows a photograph of a MoS2 thin film (4 MLs) 
grown on a 4 × 6 cm2 SiO2 substrate by sulfurization at 800 °C 
(30 min). The structural properties and the uniformity of the 
MoS2 film are explored by Raman spectroscopy. A sequence 
of Raman spectra obtained by scanning a macroscopic por-
tion of the large area sample are shown in Figure 1c. All the 
Raman spectra show a characteristic double peak: these two 
features visible at 383 and 408 cm−1 denote, respectively, the 
in-plane (E2g) and out-of-plane (A1g) phonon modes of the 
MoS2 lattice.[31] This observation reveals conversion of Mo 
into 2H-MoS2 films characterized by hexagonal crystalline 
structure and trigonal prismatic coordination geometry, also 
supported by plane-view TEM (Figure 1d). The small fluctua-
tions of the Raman intensity reflect the excellent uniformity of 
these synthetic MoS2 films thus suggesting that uniform layer 
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controlled TMD films can be grown by sulfurization with large 
scalability.
The structural, chemical and optoelectronic properties of 
synthetic MoS2 films were explored as a function of different 
growth conditions, including the sulfurization temperature pro-
file and the H2S pressure (Table 1).
The Raman spectrum of a MoS2 film grown by annealing in 
H2S (100 mbar) at 800 °C for 30 min is shown in Figure 2a 
(black trace – sample A). As previously described, the two char-
acteristic (E12g and A1g) Raman features are observed. The full 
width at half maximum (FWHM) of the E12g peak is used as 
an indicator for crystalline quality. The FWHM is ≈4.5 cm−1, 
not far from FWHM values obtained from natural single crystal 
flakes (≈3.7 cm−1).[32] The corresponding photoluminescence 
spectrum is shown in Figure 2b (black trace). In particular two 
peaks can be found in the PL spectrum at ≈620 nm (2.0 eV) 
and ≈665 nm (1.86 eV). The two features, known as the A and 
B excitons, are associated with direct optical transitions from 
the highest spin-split valence bands to the lowest conduction 
bands.[32,33] A significant amplification of the Raman and PL 
intensity (red traces – sample B) is observed when the sulfuri-
zation process is split into two steps, a first step at 600 °C for 
15 min followed by a second step at 800 °C for 15 min at con-
stant H2S pressure (100 mbar). A similar behavior is observed 
if MoS2 is grown by sulfurization at 800 °C using lower H2S 
pressure conditions (10 mbar). In this case the PL amplifica-
tion is even stronger (green trace – sample C) thus suggesting 
significantly improved quality of the MoS2 layer.
X-ray photoelectron spectroscopy (XPS) is used to fur-
ther clarify the chemical composition of sulfurized Mo films 
on SiO2. The XPS spectra are aligned to the C1s core level 
at 285.0 eV detected on the as-grown MoS2 surface due to 
environment contaminations. The XPS spectra from sample 
A, B, and C are shown in Figure 2c. At binding energies cor-
responding to the Mo3d core level a clear doublet is vis-
ible (Mo 3d5/2 at 229.6 eV, Mo 3d3/2 at 232.8 eV) along with a 
smaller peak at 226.8 eV denoting the S2s core level. Also the 
S2p core level splits in two sub-peaks (not shown), with the 
2p3/2 and 2p1/2 components centered at 162.6 and 163.8 eV, 
respectively. These values are consistent with the formation 
Adv. Mater. Interfaces 2015, 1500635
www.MaterialsViews.com www.advmatinterfaces.de
Figure 1. Synthesis of large area MoS2 films on SiO2 substrates. a) Schematic illustration of the synthesis process. b) Picture of a large area MoS2/SiO2 
sample. c) Sequence of Raman spectra collected from different positions. d) In-plane TEM image of a MoS2 film transferred onto a SiN membrane.
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of 2H-MoS2 on SiO2.[29] The Mo3d peak which is visible at 
higher binding energy, is the Mo3d peak of the Mo3d doublet 
of MoO3. The Mo3d peak of this doublet (≈233.2 eV) is overlap-
ping with the main Mo3d doublet. No significant modifications 
of the MoS2-related doublet are observed for different growth 
conditions in term of binding energy and peak shape. Differ-
ently, the MoO3 XPS component evolves significantly: indeed, a 
clear correlation can be observed between the amount of MoO3
and the PL intensity: the higher is the PL signal, the smaller is 
the MoO3 peak in the XPS spectra. In particular the MoO3 com-
ponent is almost completely suppressed for the MoS2 sample 
which shows the highest PL signal (sample C). This observa-
tion is counterintuitive since sample C was sulfurized at lower 
H2S pressure conditions (10 mbar) with respect to sample A. To 
explain this effect, we suggest a possible interpretation based 
on the fact that a variable amount of H2 can be produced during 
the sulfurization process. This variable fraction of H2 originates 
from the thermal H2S dissociation reaction H2S(g) → H2(g) +
S(s) as can be inferred from the yellow S deposits we observe in 
our reactor. The chemical equation describing the sulfurization 
reaction Mo + 2 H2S(g) ⇔ MoS2 + 2 H2(g) evidences that a 
high concentration of H2 shifts the equilibrium to the left 
side. This might result in an incomplete sulfurization process. 
The residual metallic component oxidizes when the sample is 
exposed to ambient conditions. This model is consistent with 
recent results reported by Li et al.[34] This observation confirms 
that films with controllable quality (oxidation degree, density of 
defects, S/Mo atomic ratio) and tunable optical properties are 
formed by carefully controlling the temperature profile and/or 
the H2S pressure.
The two TEM cross-sections in Figure 2d show the charac-
teristic layered structure of the MoS2 films which where sulfur-
ized at 800 °C at H2S pressure conditions of 100 mbar (upper 
panel – sample A) and 10 mbar (lower panel – sample C). The 
molecular planes (≈4 MLs) are clearly visible and, importantly, 
they are preferentially aligned parallel to the SiO2 surface. The 
interlayer distance is about 0.65 nm, in good agreement with 
values reported in the literature.[30] A lower degree of disorder 
is achieved when the material is grown using low H2S pressure 
conditions (sample C): in this case it is possible to observe a 
Figure 2. Raman, XPS, and cross-TEM analysis of MoS2 films. a) Sequence of Raman spectra for MoS2 film (sample A, B, and C) grown using different 
sulfurization conditions. b) The corresponding photoluminescence spectra. c) XPS spectra obtained from sample A, B, and C at binding energies cor-
responding to the Mo3d and S2s core levels. The (*) denotes the MoO3 component. d) TEM cross-section for sample A and C.
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Table 1. Sulfurization conditions versus electrical properties. ION/IOFF ratio and extrinsic mobility values are extracted from the Id–Vg characteristics 
shown in Figures 4 and 5.
 Growth substrate Recipe ION/IOFF Mobility [cm2 V−1 s−1]
Sample A SiO2 H2S 100 mbar, 800 °C 30 min ≈5 × 102 ≈0.001
Sample B SiO2 H2S 100 mbar, 600 °C 15 min + 800 °C 15min ≈7 × 103 ≈ 0.04
Sample C SiO2 H2S 10 mbar, 800 °C 30 min ≈1 × 105 ≈0.2
Sample D c-sapphire H2S 10 mbar, 800 °C 30 min + 20 min annealing under H2S/N2 flow at 1000 °C ≈1 × 106 ≈3
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significant suppression of the surface roughness which reflects 
the improved planar ordering of molecular planes (mainly par-
allel to the SiO2/MoS2 interface). The comparative AFM inves-
tigation shown in Figure 3 allows to gain additional structural 
insights. The AFM images in Figure 3a,c and Figure 3b,d are 
recorded from the sample A and C, respectively. The topo-
graphies show complete surface coverage and polycrystalline 
structure with MoS2 grains in the nanometer range. Sample A 
shows a complex surface morphology consisting of 3D rough-
ness elements (Figure 3a – red circles) superimposed to smaller 
grains (magnification – Figure 3c) which uniformly cover the 
scanned area. The RMS roughness is 0.5 nm, significantly 
higher than the SiO2 surface roughness (0.2 nm). Differently 
sample C shows a smoother morphology where the 3D rough-
ness elements are selectively suppressed. The resulting MoS2
surface roughness decreases to a lower value, about 0.25 nm. 
The AFM magnifications (Figure 3c,d) and the corresponding 
self-correlation functions (see the inset) allow to appreciate 
more in detail the impact of different H2S pressure conditions 
on the polycrystalline structure. In particular a rough estima-
tion of the average grain size can be extracted from the self-
correlation functions[35] shown in Figure 3e,f by measuring 
the peak-to-valley distance. It is clearly seen that the average 
grain size is slightly increased from 20 nm (sample A) to about 
40 nm (sample C) by reducing the H2S pressure.
It is now interesting to explore the electrical behavior of 
sample A and sample C. In particular it is useful to study the 
impact of the variable structural/chemical properties on field-
effect transport characteristics. To this purpose, the large-
area MoS2 films were patterned into isolated ribbons, and 
bottom-gated transistors were prepared using conventional 
photolitho graphy, plasma etching, and metallization processes. 
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Figure 3. Comparative AFM investigation of MoS2 films grown on SiO2. a,c) AFM images recorded from the sample A. b,d) AFM images recorded 
from the sample C. e,f) Self-correlation functions calculated from the AFM images shown in (c) and (d), respectively.
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Mo/Au pads were used as source and drain contacts. A sche-
matic description and a representative SEM picture of a MoS2
device are shown in Figure 4a,b. Figure 4c shows the back-
gated electrical transfer characteristics of the different MoS2
devices. The source–drain current Id is plotted as a function of 
the back gate bias Vg for a fixed source–drain bias of 1 V. The 
MoS2 device based on the 100 mbar sulfurization recipe (black 
trace – sample A) shows the lowest electrical performance. The 
ON current is in the nA range and the ION/IOFF ratio is about 
102. Importantly, the MoS2 device based on the 10 mbar sulfuri-
zation recipe (green trace – sample C) exhibits increased per-
formance. In particular, the ON current is amplified by about 
one order of magnitude, thus confirming improved material 
quality. In this case the ION/IOFF ratio is almost 104. From the Id
versus Vg data we can extract the extrinsic low-field field-effect 
mobility using the expression μ = [dIds/dVbg] × [L/(WCi Vds)], 
where L = 8 μm is the channel length, W = 5 μm is the channel 
width and Ci = 6.9 × 10−6 F m−2 is the capacitance between the 
channel and the back gate per unit area, calculated using a par-
allel plate capacitance model (Ci = εo εr/d; εr = 3.9; d = 50 nm). 
This assumption is valid at the larger gate biases where Id varies 
linearly with Vg. It is worth noticing that the extrinsic mobility 
thus calculated is a lower estimate for the true channel mobility 
as it does not exclude the voltage drops across the contacts. 
The mobility values for the different conditions are reported in 
Table 1. The low values (<10−1 cm2 V−1 s−1) are consistent with 
recently reported results on the electrical behavior of nanocrys-
talline MoS2 thin films.[26] To further boost the electrical per-
formance we have investigated the impact of a high-k dielectric 
layer encapsulation. As widely reported in the literature, high-k 
dielectric materials are expected to significantly suppress charge 
impurity and phonon scattering effects.[36–39] To this purpose a 
30 nm thick Al2O3 layer was deposited via ALD. As expected a 
significant increase in the ON current can be observed when 
the Al2O3 is placed as a capping layer (blue trace – sample C 
after capping). In the latter case, the ION/IOFF ratio is about 105.
The electrical performance reflects the high density of 
domain boundaries and, reasonably, surface defects which 
results in a dramatic suppression of mobility compared to 
MoS2 single crystals. The above conclusion finds independent 
support from ESR observations on (100)Si/SiO2/MoS2 samples 
A and C. In these experiments, a previously unknown signal 
is observed, labeled LM1, of rather symmetric shape and peak-
to-peak width ≈7 G, which is demonstrated to pertain to MoS2
films. Magnetic field angular measurements reveal an axially 
anisotropic g matrix characterized by (sample A) g// = 2.0015 
and g// = 2.0027, pointing to a defect in registry with crystal-
line order. No such signal could be traced by high-sensitivity 
ESR measurements in a natural MoS2 crystal. From the ESR 
study in combination with the previously shown AFM analysis, 
it is conjectured the grain boundaries to be at the origin of the 
observed defect signal. This defect, without doubt, will then 
drastically impair electrical transport properties of the 2D MoS2
layers. The defect appears in substantial densities, inferred as 
0.8 × 1012 and 3 × 1012 cm−2 for sample C and A, respectively. 
Accordingly, given the much enhanced defect density in sample 
A over sample C, the current ESR finding is in line with the 
much reduced electrical mobility of former sample, herewith 
exposing at the same time the effect of grain boundaries.
The previous observations suggest that the characteristic 
polycrystalline structure of MoS2 films grown by thermal sul-
furization on SiO2 substrates represents a limiting factor for 
electronic applications. Importantly the described experiments 
shed light on the critical parameters that govern the sulfuriza-
tion process and indicate a promising route toward the syn-
thesis of higher quality MoS2 films.
3.3. Improving Quality of MoS2 Films
The proposed approach is based on a two-step process: pre-
deposited Mo films are first (I) sulfurized under optimized 
kinetic conditions at 800 °C (as reported in the previous sec-
tion) and then (II) annealed in H2S at 1000 °C for 20 min to 
activate grain growth mechanisms. To avoid the intervention of 
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Figure 4. Electrical characterizations of MoS2 devices. a) Id–Vg charac-
teristics measured from MoS2 devices obtained from sample A (pink 
circles) and sample C before (blue circles) and after capping with Al2O3 
(blue crosses). In the inset, a schematic illustration of a bottom-gated 
MoS2 device. b) Conventional absorption-derivative K-band ESR spectra 
observed at 1.9 K for the applied magnetic field B parallel to the sample 
normal on the 2D MoS2/SiO2/(100)Si entities A and C, showing the 
observation of the LM1 signal (at g ≈ 2.0015 in sample A). The signal at 
g = 1.99875 stems from a comounted Si:P marker sample, also used for 
field axis alignment of the spectra. The spectra have been normalized to 
equal Si:P marker intensity.
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thermal nucleation, we used c-plane sapphire substrates which 
are known to promote the epitaxial growth of TMD films and, 
importantly, are stable under the specific process conditions. 
Figure 5 shows a sequence of electron diffraction (EDP) pat-
terns of MoS2 films grown on SiO2 at 800 °C, on sapphire at 
800 °C and then annealed at 1000 °C. The EDP corresponding 
to the MoS2 film grown on SiO2 (Figure 5a) exhibits charac-
teristic rings which reflect the presence of randomly oriented 
nanodomains. An hybrid condition is achieved when the mate-
rial is grown on sapphire at 800 °C. As shown in Figure 5b, 
the characteristic rings contain preferential diffraction spots. 
These spots are generated by a minor population of hexagonal 
MoS2 domains with preferential crystallographic orientation. 
This minor population becomes dominant after annealing 
at 1000 °C (Figure 5c). In the latter case the rings evolve into 
well-defined single spots indicating improved texture quality 
associated with the formation of an oriented film. Independent 
AFM/TEM characterizations confirm the transition from a 
nanocrystalline material (Figure 3) to MoS2 films with crystallo-
graphic texture and reduced density of domain boundaries. The 
oriented MoS2 film grown on sapphire (Figure 5d) shows con-
tinuous molecular planes, surface (RMS) roughness of 0.2 nm 
and flat terraces of ≈100 nm width resulting from an incom-
plete top layer.
The MoS2 film is transferred from sapphire to a SiO2 sub-
strates for electrical characterizations (Figure 5e – sample D).[40]
Bottom-gated transistors are fabricated following the same pro-
cedure described in the previous section. The material shows 
significantly improved electrical performance. In this case the 
ION/IOFF ratio is 106 and the extrinsic mobility value is about 
3 cm2 V−1 s−1. This value is about one order of magnitude 
higher compared to typical values reported in the literature for 
MoS2 films grown on sapphire by sulfurization.[41]
3.4. WS2/MoS2 Heterostructures
Based on the versatility of the proposed growth technique, we 
present, as a proof of concept, an original double-step sulfuri-
zation process for the synthesis of MoS2/WS2 heterostructures 
directly grown on SiO2 substrates at 800 °C to preserve the oxide 
quality. The first step consists in growing a uniform WS2 film. 
It is worth noting that the Gibbs energies of formation for MoS2
and WS2 are expected to be similar. It follows that the sulfuriza-
tion conditions, previously described for the synthesis of MoS2, 
can also be used to convert pre-deposited W films into WS2. 
The formation of WS2 was confirmed by Raman and XPS spec-
troscopy. This first deposition/sulfurization cycle is followed 
by deposition of a second Mo layer and subsequent sulfuriza-
tion. The cross-sectional TEM image shown in Figure 6a, evi-
dences that two layers can be clearly distinguished. The bilayer 
heterostructure corresponds to the MoS2/WS2 vertical stack as 
also confirmed by energy dispersive X-ray spectroscopy (EDS) 
and Raman spectroscopy. EDS measurements are useful to map 
the spatial distribution and concentration of the atomic species. 
From Figure 6b, it is observed that W and Mo occupy the bottom 
and top layer position, respectively, forming a well-defined inter-
face. This observation confirms that the two phases, WS2 and 
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Figure 5. Electron diffraction patterns measured from MoS2 films grown on a) SiO2 at 800 °C, b) sapphire at 800 °C, and c) after annealing at 1000 °C. 
d) AFM topography of a MoS2 film grown on sapphire after annealing in H2S/N2 at 1000 °C. e) Id–Vg characteristics measured from a bottom-gated 
device based on the MoS2 film described in (c) and (d). In the inset, a picture of the corresponding MoS2 films transferred onto a 90 nm SiO2/Si 
substrate (sample D).
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MoS2, do not intermix during the sulfurization process. Differ-
ently S is uniformly distributed across the heterostructure. The 
corresponding Raman spectrum (Figure 6c) shows the two char-
acteristic features at 408 and 383 cm−1 which denote the A1g and 
E2g modes of MoS2, as previously described. However, two addi-
tional peaks located at 419 and 353.5 cm−1 are observed, which 
can be assigned to the A1g mode and the overlapping 2LA(M) 
and E2g modes, respectively, of the bottom WS2 layer. PL spectra 
are included in the Supporting Information (Figure SI2). Two 
peaks at 621 nm (2.0 eV) and 665 nm (1.86 eV) can be attributed 
to the direct excitonic transition energies in the bottom  WS2 and 
top  MoS2 layers, respectively.
Fabrication of large area laterally uniform MoS2 and WS2
few-ML thin films enables us to perform IPE experiments 
which address one of the fundamental issues concerning 
energy band alignment between different TMD materials. By 
observing electron photoemission from the valence band (VB) 
of MoS2 or WS2 into the conduction band (CB) of SiO2 under-
layer [cf. inset in Figure 6e], one can find the energy barriers. 
These correspond to the VB top energies of two photoemitting 
materials referenced to the same energy level of the oxide CB 
bottom edge.[42] As can be seen from the IPE quantum yield 
spectra shown in Figure 6d,e for MoS2 and WS2, respectively, 
the energy onset of the IPE current is found in the same photon 
energy range 3.5–4.0 eV in both cases. Since the same photo-
current spectra were also obtained when using Al as the con-
tact pad material instead of Au (spectra not shown), the TMD 
layer can be identified as the source of photoelectrons.[28] This 
conclusion is independently affirmed by the observed signifi-
cant decrease of the quantum yield if reducing the thickness of 
MoS2 electrode from 4 to 2 ML as illustrated in Figure 6d. The 
observed field dependence of the IPE spectra agrees well with 
the image-force barrier lowering at the TMD/SiO2 interface as 
can be seen from the Schottky plot of the spectral threshold 
shown in the inset in Figure 6d for the MoS2(4 ML)/SiO2 inter-
face. The energy barrier of Φe = 4.2 ± 0.1 eV between the top of 
the MoS2 VB and the bottom of the SiO2 CB can be found by 
extrapolating the Schottky plot to zero field. This value is well 
reproducible: the IPE analysis of five independently processed 
MoS2/SiO2 samples with 4 and 2 ML layer thickness delivers 
the barrier height values in the indicated range 4.0–4.2 eV. 
Next, the spectra shown in Figure 6e allow one to compare 
IPE from WS2 and MoS2 directly: these spectra overlap in the 
photon energy range hν > 4 eV with only divergence seen in the 
Figure 6. Large area MoS2/WS2/SiO2 heterostructures. a) Cross-sectional TEM image of the MoS2/WS2/SiO2 heterostructures. Two layers can be clearly 
distinguished due to their different contrast. b) EDS line scans across the heterostructures. c) The corresponding Raman spectrum. Two characteristic 
features at 408 and 383 cm−1 denote the A1g and E2g modes of MoS2. Two additional peaks located at 419 and 353.5 cm−1 can be assigned to the A1g 
mode and the overlapping 2LA(M) and E2g modes, respectively, of the bottom WS2 layer. d,e,f) Semilogarithmic spectral plots of the IPE quantum 
yield as measured on the (100)Si/SiO2 (50 nm)/TMD samples with different top electrodes: (a) MoS2 of 4 ML or 2 ML (gray circles) thickness; (b) WS2 
(4 ML) as compared to MoS2 (4 ML), and (c) MoS2(4 ML)/WS2(4 ML) heterojunction. The spectra are shown for different values of negative voltages 
applied to the TMD layer through the nontransparent Au contact pad. The inset in panel (d) illustrates determination of the zero-field barrier height 
using the Schottky plot. The inset in panel (e) shows schematic of the observed electron transitions.
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low-yield part corresponding to the IPE spectra “tails” possibly 
related to the charges in the near-interface oxide layer caused by 
metal in-diffusion during sulfurization anneal. However, no sig-
nificant difference between spectral thresholds from two photo-
emitting materials corresponding to the major IPE bands can 
be inferred suggesting that the VBs of MoS2 and WS2 are nearly 
aligned. The same conclusion can be reached if analyzing the 
IPE yield spectra from MoS2/WS2 and WS2/MoS2 heterostruc-
tures. For example, the spectra of the IPE quantum yield at the 
MoS2/WS2/SiO2 hetero-interface shown in Figure 6f reveal little 
difference with the IPE spectra from a MoS2(4 MLs) electrode 
shown in Figure 6d suggesting that the VB top energy in these 
sulfides is the same. This result would suggest the validity of 
the “common anion rule” for sulfides of metals similarly to the 
earlier studied case of insulating metal oxides.[43]
4. Conclusions
In conclusion, we have reported on the synthesis of MoS2 films 
grown by annealing of ultra-thin Mo films in the presence of a 
sulfur gaseous precursor. Their structural and electrical proper-
ties were explored for different growth conditions. In particular 
we observed that optimized kinetic conditions in combination 
with the use of atomically flat sapphire substrates enable a struc-
tural transition from a nanocrystalline material to MoS2 films 
with crystallographic texture and reduced density of domain 
boundaries. Based on the versatility of the proposed approach, 
we have also developed an original double-step sulfurization pro-
cess for the fabrication of vertical stacked WS2/MoS2 heterostruc-
tures with clean and sharp interfaces. Good uniformity of layers 
over large area we achieved has enabled first isolation of defects 
by ESR with densities correlated with mobility degradation 
and the first meaningful barrier analysis using IPE indicating 
validity of the “common anion rule” in the case of 2D sulfides. 
The ability in growing large area TMD films and artificial TMD 
heterostructures with designed structure and tunable density 
of defects paves the way for a wide range of novel applications, 
including tunnel FET, bioimaging probes, efficient electrocata-
lysts for hydrogen evolution reaction,[43] and defect-rich ultrathin 
nanosheets for lithium-ion batteries and supercapacitors.[45]
Acknowledgements
Massimo Mongillo and Annelies Delabie are kindly acknowledged for 
scientific discussion and support. M.H. acknowledges IWT (Agency 
for innovation by science and technology in Belgium) for funding. 
The authors would also like to thank imec beyond CMOS program for 
financial support.
Received: October 12, 2015
Revised: November 9, 2015
Published online: 
[1] International Technology Roadmap for Semiconductors (ITRS), 
www.itrs.net (accessed: May, 2015)
[2] G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios, D. Neumaier, 
A. Seabaugh, S. K. Banerjee, L. Colombo, Nat. Nanotechnol. 2014, 
9, 768.
[3] S. Das, M. Kim, J.-W. Lee, W. Choi, Crit. Rev. Solid State Mater. Sci. 
2014, 39, 231.
[4] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, S.-C. Zhang, Nat. 
Phys. 2009, 5, 438.
[5] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, 
K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard, J. Hone, Nat. 
Nanotechnol. 2010, 5, 722.
[6] P. Tsipas, S. Kassavetis, D. Tsoutsou, E. Xenogiannopoulou, 
E. Golias, S. A. Giamini, C. Grazianetti, D. Chiappe, A. Molle, 
M. Fanciulli, A. Dimoulas, Appl. Phys. Lett. 2013, 103, 251605.
[7] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tománek, P. D. Ye, ACS 
Nano 2014, 8, 4033.
[8] L. Tao, E. Cinquanta, D. Chiappe, C. Grazianetti, M. Fanciulli, 
M. Dubey, A. Molle, D. Akinwande, Nat. Nanotechnol. 2015, 10, 
227.
[9] M. E. Dávila, L. Xian, S. Cahangirov, A. Rubio, G. Le Lay, New 
J. Phys. 2014, 16, 095002.
[10] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nat. 
Nanotechnol. 2011, 6, 147.
[11] K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 
105, 136805.
[12] M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh, H. Zhang, Nat. 
Chem. 2013, 5, 263.
[13] S. Kim, A. Konar, W.-S. Hwang, J. H. Lee, J. Lee, J. Yang, C. Jung, 
H. Kim, J.-B. Yoo, J.-Y. Choi, Y. W. Jin, S. Y. Lee, D. Jena, W. Choi, 
K. Kim, Nat. Commun. 2012, 3, 1011.
[14] B. Radisavljevic, A. Kis, Nat. Mater. 2013, 12, 815.
[15] Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, 
R. Vajtai, B. I. Yakobson, H. Terrones, M. Terrones, B. K. Tay, J. Lou, 
S. T. Pantelides, Z. Liu, W. Zhou, P. M. Ajayan, Nat. Mater. 2014, 13, 
1135.
[16] N. Huo, J. Kang, Z. Wei, S.-S. Li, J. Li, S.-H. Wei, Adv. Funct. Mater. 
2014, 24, 7025.
[17] S. Najmaei, J. Yuan, J. Zhang, P. Ajayan, J. Lou, Acc. Chem. Res. 
2015, 48, 31.
[18] D. Ovchinnikov, K. Marinov, P. Lazić, M. Gibertini, N. Marzari, 
O. L. Sanchez, Y.-C. Kung, D. Krasnozhon, M.-W. Chen, 
S. Bertolazzi, P. Gillet, A. F. Morral, A. Radenovic, A. Kis, ACS Nano 
2015, 9, 4611.
[19] K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak, C.-J. Kim, 
D. Muller, J. Park, Nature 2015, 520, 656.
[20] K. M. McCreary, A. T. Hanbicki, J. T. Robinson, E. Cobas, 
J. C. Culbertson, A. L. Friedman, G. G. Jernigan, B. T. Jonker, Adv. 
Funct. Mater. 2014, 24, 6449.
[21] C. Ahn, J. Lee, H.-U. Kim, H. Bark, M. Jeon, G. H. Ryu, Z. Lee, 
G. Y. Yeom, K. Kim, J. Jung, Y. Kim, C. Lee, T. Kim, Adv. Mater. 2015, 
27, 5223.
[22] A. Delabie, M. Caymax, B. Groven, M. Heyne, K. Haesevoets, 
J. Meersschaut, T. Nuytten, H. Bender, T. Conard, P. Verdonck, 
S. Van Elshocht, S. De Gendt, M. Heyns, K. Barla, I. Radu, A. Thean, 
Chem. Commun. 2015, 51, 15692.
[23] E. Xenogiannopoulou, P. Tsipas, K. E. Aretouli, D. Tsoutsou, 
S. A. Giamini, C. Bazioti, G. P. Dimitrakopulos, P. Komninou, 
S. Brems, C. Huyghebaert, I. P. Radu, A. Dimoulas, Nanoscale 2015, 
7, 7896.
[24] Y. Zhan, Z. Liu, S. Najmaei, P. M. Ajayan, J. Lou, Small 2012, 8, 966.
[25] A. L. Elías, N. Perea-López, A. Castro-Beltrán, A. Berkdemir, R. Lv, 
S. Feng, A. D. Long, T. Hayashi, Y. A. Kim, M. Endo, H. R. Gutiérrez, 
N. R. Pradhan, L. Balicas, T. E. Mallouk, F. López-Urías, H. Terrones, 
M. Terrones, ACS Nano 2013, 7, 5235.
[26] Y. Lee, J. Lee, H. Bark, I-K. Oh, G. H. Ryu, Z. Lee, H. Kim, J. H. Cho, 
J.-H. Ahn, C. Lee, Nanoscale 2014, 6, 2821.
[27] H. Liu, K. K. A. Antwi, S. Chuaa, D. Chi, Nanoscale 2014, 6, 624.
[28] V. V. Afanas’ev, D. Chiappe, C. Huyghebaert, I. Radu, S. De Gendt, 
M. Houssa, A. Stesmans, Microelectron. Eng. 2015, 147, 294.
fu
ll
 p
a
p
er
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1500635 (10 of 10) Adv. Mater. Interfaces 2015, 1500635
www.MaterialsViews.comwww.advmatinterfaces.de
[29] H. Liu, K. K. A. Antwi, J. Ying, S. Chua, D. Chi, Nanotechnology 
2014, 25, 405702.
[30] K.-K. Liu, W. Zhang, Y.-H. Lee, Y.-C. Lin, M-T. Chang, C.-Y. Su, 
C.-S. Chang, H. Li, Y. Shi, H. Zhang, C.-S. Lai, L.-J. Li, Nano Lett. 
2012, 12, 1538.
[31] H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier, 
D. Baillargeat, Adv. Funct. Mater. 2012, 22, 1385.
[32] Y. Yu, C. Li, Y. Liu, L. Su, Y. Zhang, L. Cao, Sci. Rep. 2013, 3, 1866.
[33] G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen, M. Chhowalla, 
Nano Lett. 2011, 11, 5111.
[34] X. Li, X. Li, X. Zang, M. Zhu, Y. He, K. Wang, D. Xied, H. Zhu, 
Nanoscale 2015, 7, 8398.
[35] From the discrete AFM data one can evaluate this function as 
G m
N M n
z zk m i k lk
M n
l
N1
, ,11∑∑( ) ( ) ( )= − +=−= .
[36] D. Jena, A. Konar, Phys. Rev. Lett. 2007, 98, 136805.
[37] A. Konar, D. Jena, J. Appl. Phys. 2007, 102, 123705.
[38] H. Liu, P. D. Ye, IEEE Electron Dev. Lett. 2012, 33, 
546.
[39] A. Konar, T. Fang, D. Jena, Phys. Rev. B 2010, 82, 115452.
[40] A. Gurarslan, Y. Yu, L. Su, Y. Yu, F. Suarez, S. Yao, Y. Zhu, M. Ozturk, 
Y. Zhang, L. Cao, ACS Nano 2014, 8, 11522.
[41] Y.-C. Lin, W. Zhang, J.-K. Huang, K.-K. Liu, Y.-H. Lee, C.-T Liang, 
C.-W. Chu, L.-J. Li, Nanoscale 2012, 4, 6637.
[42] V. V. Afanas’ev, A. Stesmans, J. Appl. Phys. 2007, 102, 081301.
[43] V. V. Afanas’ev, Adv. Condens. Matter Phys. 2014, 2014, 301302.
[44] S. Xu, D. Li, P. Wu, Adv. Funct. Mater. 2015, 25, 1127.
[45] Z. Wu, B. Li, Y. Xue, J. Li, Y. Zhanga, F. Gao, J. Mater. Chem. A 2015, 
3, 19445.
